Grazing-incidence small-angle X-ray scattering (GISAXS) is increasingly used for the metrology of substrate-supported nanoscale features and nanostructured films. In the case of line gratings, where long objects are arranged with a nanoscale periodicity perpendicular to the beam, a series of characteristic spots of high-intensity (grating truncation rods, GTRs) are recorded on a twodimensional detector. The intensity of the GTRs is modulated by the threedimensional shape and arrangement of the lines. Previous studies aimed to extract an average cross-sectional profile of the gratings, attributing intensity loss at GTRs to sample imperfections. Such imperfections are just as important as the average shape when employing soft polymer gratings which display significant line-edge roughness. Herein are reported a series of GISAXS measurements of polymer line gratings over a range of incident angles. Both an average shape and fluctuations contributing to the intensity in between the GTRs are extracted. The results are critically compared with atomic force microscopy (AFM) measurements, and it is found that the two methods are in good agreement if appropriate corrections for scattering from the substrate (GISAXS) and contributions from the probe shape (AFM) are accounted for.
Introduction
Gratings consist of regularly spaced arrays of shapes arranged in parallel, with features over a range of length scales depending on the application considered. For example, gratings are used as filters to control the movement of particles with dimensions from millimetres to micrometres, as optical components to split and diffract light with wavelengths of several hundreds of nanometres, and as part of the basic line and space patterns for integrated-circuit (IC) design layouts extending a few tens of nanometres. The dimensions of a grating affect the device performance, so accurate characterization is critical to the manufacturing process. In the case of nanometre-scale gratings for ICs, where lithographic processes are near the resolution limit, dimensional control is particularly challenging. Therefore, there is a demand for metrology that can quantitatively probe these length scales and extract both the average structure and statistical variation.
The structure of nanoscale gratings can be evaluated by direct observation using microscopy techniques. Top-down scanning electron microscopy (SEM) measurements provide lateral information, such as the width and pitch of the lines, and deviations along the main direction of each shape within the grating (line-edge profile). Cross-sectional SEM and transmission electron microscopy (TEM) measurements, on the other hand, probe the vertical profile of the gratings (height, width and side-wall angle). Atomic force microscopy (AFM), tilted cross-sectional SEM and TEM tomography provide combined information (both lateral and vertical). All the above-mentioned techniques are capable of recording detailed structural information (approaching $1 nm) within a limited area of a sample.
In contrast with imaging methods, metrology based on X-ray scattering probes nanostructures over large areas, without compromising resolution and within a short acquisition time. One of the most actively used X-ray techniques to analyze a lithographically defined grating structure is criticaldimension small-angle X-ray scattering (CD-SAXS) (Jones et al., 2003 (Jones et al., , 2004 Wang et al., 2007; Settens et al., 2014; Sunday et al., 2015) . A grating sample is aligned normal to the X-ray beam and parallel to the rotation axis. A series of transmission scattering images are collected over a wide range of sample rotation angles and the reciprocal-space map (RSM) is reconstructed from these images. The detailed structural information of an average profile is determined quantitatively by fitting the recorded scattering intensity in the RSM with the scattering profiles calculated from a model (Perera et al., 2012; Sunday et al., 2014 Sunday et al., , 2015 . In order to collect scattering data with sufficient intensity transmitted through the substrate (typically a silicon wafer), a relatively high energy X-ray beam is required in this technique. In addition, CD-SAXS requires continuous collection of scattering images from a single spot on the sample to expand the momentum transfer range probed and to access vertical structural information. Hard gratings with stable materials (Si and SiO x ) are clearly suitable for CD-SAXS measurements, while a limited number of studies have addressed soft gratings such as photoresist patterns and nanoimprint polymer gratings (Jones et al., 2003 (Jones et al., , 2006 Wang et al., 2007; Perera et al., 2012) . A recent different X-ray scattering technique records transmission at the edge of the sample while keeping the incident beam at grazing angle (Lu et al., 2013) . This method has several distinct advantages, such as probing surface-normal scattering vectors continuously without the need to reconstruct reciprocal space.
Another frequently used X-ray method is grazing-incidence small-angle X-ray scattering (GISAXS) (Mikulík & Baumbach, 1998 , 1999 Mikulík et al., 2001; Ulyanenkov et al., 2001) . This is a reflection-mode technique where the surface of the sample is exposed to a focused X-ray beam at a grazing incidence angle. The intensity is dramatically enhanced by the large area probed, owing to the projection of the X-ray beam at a shallow incident angle, resulting in short measurement times at a synchrotron facility. Moreover, a single GISAXS image contains information on the full threedimensional characteristic features of the sample probed, eliminating the step of reconstructing the RSM. Because of these significant advantages in data collection, GISAXS is a suitable and attractive metrology technique for both soft and hard gratings.
Several studies in recent years have used reflection-mode X-ray scattering measurements to study grating structures (Yan & Gibaud, 2007; Wernecke et al., 2012; Hofmann et al., 2009; Hlaing et al., 2011) . Yan & Gibaud, (2007) performed experiments with hard silicon gratings and measured highintensity spots (grating truncation rods, GTRs) following a characteristic arc defined by the Ewald sphere. The in-plane separation of these spots reflects the period of the grating studied. The actual intensity at these spots depends on both the in-plane (i.e. the shape of the grating) and the out-of-plane characteristics of the sample (i.e. the multilayer structure of the substrate). Soltwisch and collaborators employed parallel finite-element calculations to extract an average two-dimensional shape based on the intensity variation along GTRs (Soltwisch, Wernecke, Haase, Probst, Schoengen, Krumrey & Scholze, 2014; . In the case of polymer-based soft gratings, a significant component of the recorded intensity consists of diffuse scattering far from the specific angular coordinates of GTRs. This component of the pattern could be associated with variations from the mean shape considered in the analysis of related scattering experiments (Kato & Scholze, 2010; Gross et al., 2012; Kato et al., 2012) . Rueda and co-workers employed models of short rods in a first attempt to characterize the fidelity of nanoscale polymer gratings with GISAXS (Rueda et al., 2012; Soccio et al., 2014) . It was found that the quality of the grating controls the magnitude of the recorded GISAXS intensity (Rueda et al., 2012; Soccio et al., 2014) . However, the agreement between modeled intensity and experimental data was rather qualitative, emphasizing the need for an improved methodology.
In this study, we describe a systematic effort to characterize polymer grating structures quantitatively using GISAXS. In order to develop a simple but realistic GISAXS model, a series of GISAXS experiments at different incident angles were performed on a crosslinked polystyrene (xPS) nanoscale grating fabricated by 193 nm immersion (193i) lithography (Delgadillo et al., 2012) . Such gratings serve as essential components of chemical patterns for a directed self-assembly (DSA) process that employs block copolymer films to enhance the feature density in the patterns produced (Liu et al., 2011) . Since the final DSA features are significantly sensitive to the geometry of the chemical patterns, a careful characterization of this grating structure, referred to as a PS guiding stripe, is crucial for optimization of the DSA process. We compare our analysis with independent characterization methods such as AFM and find good agreement between the two techniques. Our results unequivocally support the ability of GISAXS to probe important three-dimensional characteristics of the samples employed. Therefore, the present study provides significant promise for future metrology and inspection of buried morphologies in directed self-assembled block copolymer patterns. research papers 2. Methods
Sample preparation
The polymer gratings studied herein are made of xPS lineand-space patterns which are employed as guiding stripes for a 3Â density multiplication DSA process implemented on an all-track 300 mm wafer process (Delgadillo et al., 2012) . All processing was performed at IMEC, Leuven, Belgium. First, a layer of SiN (thickness approximately 13 nm) was deposited on 300 mm Si wafers via chemical vapor deposition (CVD) as an inorganic anti-reflective coating. Next, an xPS thin film of approximately 8 nm thickness was spin-coated and annealed at 588 K for 5 min in an N 2 atmosphere. After resist coating, an ASML XT:1950Gi scanner was used to fabricate line-space patterns using quadruple illumination. In the subsequent etch step, the exposed xPS was removed by plasma etching, whilst the remaining xPS lines, protected with resist on top, were further trimmed down to obtain an optimized line width for DSA. The process was then followed by a wet resist stripe with Orgasolv STR 301, thus creating xPS gratings with 84 nm pitch and $20 nm line width spanning a 5 Â 7.5 mm area. A schematic of the guiding stripes is shown in Fig. 1 .
Atomic force microscopy
A Bruker 3A Multimode 5AFM was used to image the PS guiding stripe sample in tapping mode. To a first approximation, the shape of the gratings can be described as parallel trapezoidal-like shapes along two dimensions (y and z in the notation of this study), extending throughout the sample along x (Doxastakis et al., 2015) .
X-ray scattering experiments
GISAXS experiments were performed on the beamline Sector 8-ID-E at the Advanced Photon Source, Argonne National Laboratory (Jiang et al., 2012) . The samples were measured under vacuum with an incident X-ray beam of 7.35 keV energy ( = 0.1687 nm). The X-ray beam was 20 mm in height and 100 mm in width. The sample-to-detector distance was 552 mm, allowing the collection of scattering images over a wide q range [q = (4/) sin(), where is half the scattering angle and is the wavelength of the incident radiation]. The sample originally prepared on a 300 mm wafer was cleaved into an approximately 5 Â 7.5 mm (x versus y) sized piece which was fully covered by an xPS grating. The azimuthal rotation angle, defined as the angle between the incident X-ray beam and the PS guiding stripe direction, was set to zero by carefully aligning the grating to the incident beam. The geometry of the measurement is presented in Fig. 1 . Each GISAXS two-dimensional pattern was the result of summing 30 images of 1 s exposure scans to obtain a desirable signal-to-noise ratio. A fresh area was exposed to the X-ray beam for each incident angle. The angular coordinates can be transformed to momentum transfer coordinates as follows:
where 2 f , f and i are the in-plane scattering angle, out-ofplane scattering angle and incident angle, respectively (Renaud et al., 2009) . A total of eight different scattering images at nominal incident angles of 0.5, 0.8, 1.0, 1.2, 1.5, 1.8, 2.0 and 2.5 were collected. Small corrections to the above values were determined, based on the sample-to-detector distance, the specular position detected on the image and the direct-beam position.
Prior to the GISAXS experiments, the specular X-ray reflectivity for the sample was recorded to characterize electron-density changes perpendicular to the sample plane. These data have already been presented elsewhere (Doxastakis et al., 2015) , where we noted two important aspects: (i) a dispersion profile that increases gradually with depth as we move from the grating top surface to the substrate; and (ii) a rough SiN layer of $13 nm between the polymer and the silicon substrate. The significant roughness of the underlying substrate layer probed by X-ray scattering can be attributed either to physical roughness or to electron-density changes due to a thin oxide layer which can be further amplified by the plasma etch process.
In this work, we will use a five-layer description to characterize the electric field intensity as a function of depth, following the Parrat formalism (Parratt, 1954) and based on information from reflectivity profiles. The characteristics of these layers are presented in Table 1 . The parameters h and h represent the height and the deviation in height for the PS grating model considered, and c corresponds to the coverage, calculated from the pitch and profile modeled during a step in the GISAXS optimization procedure. Schematic illustration of a PS guiding stripe and the geometry of a GISAXS experiment.
Table 1
Characteristics of the media involved in the five-layer description.
h, h and c were free parameters to be determined by fitting the GISAXS data ( 
Modeling of scattering from polymer gratings
A general expression for the scattering intensity of an X-ray experiment with a sample of N shapes is
where ÁR denotes the separation between shapes J and K. F symbolizes the form factor within the distorted-wave Born approximation to account for multiple scattering effects at low incident angles (Tolan, 1998; Renaud et al., 2009; Mahadevapuram et al., 2013) :
where F is the Fourier transform of the shape function, k z i and k z f are wavevectors corrected for refraction at the polymer-air interface, and T and R are transmission and reflection coefficients, respectively, calculated at specific angles for the polymer layer (second medium, Table 1 ).
While microscopy experiments typically resolve areas of $1 mm 2 , GISAXS probes millimetre-long samples along x and several tens of micrometres along y with nanometre resolution. To analyze the data recorded, it is necessary to employ a reduced model relative to equation (2) by introducing approximations. We describe the sample by defining a unit cell with a size equal to the pitch distance P along y, and an interference function S(q) describes the amplification of intensity at the Bragg peaks, q y = 2n/P, where n is an integer. We chose to model the intensity in between the Bragg peaks following the 'decoupling approximation' (Kotlarchyk & Chen, 1983) , which assumes that shape fluctuations are decoupled from their spatial location. Considering the manufacturing procedure, we expect that each side wall should display fairly independent fluctuations (an assumption tested in the Results section). Therefore
where A is a proportionality constant,
exp ðiqÁRÞ ð 5Þ
and
In practice, A will depend on parameters such as the exposure time and illuminated area. An additional complication in determining A arises from the fact that S(q) displays peak intensities that depend on the sample size, defects and beam characteristics (length and coherence), and is convoluted with the detector resolution. It is therefore challenging to calculate a priori the contributions of È(q) and hF ðqÞi 2 SðqÞ in absolute intensities. In our study, we wish to formulate these contributions when reducing the shape description to a twodimensional profile along the y and z directions (see Fig. 2 ), with both height fluctuations and line-edge roughness presenting as side-wall displacements along x. We argue that a simple rule for their relative contributions should be determined to minimize the fitting parameters.
A simple approach to modeling shape fluctuations in a grating is to approximate each long shape with n fluctuating elementary segments aligned along the main direction of each line (x herein), each with a length equal to a characteristic correlation length x (Wang et al., 2007) . For each of these segments, the two-dimensional shape profile (along y and z) remains constant, and therefore
where F 2D is the Fourier transform of the two-dimensional shape profile within the distorted-wave Born approximation [see equation (3)]. If we focus on reciprocal-space coordinates where q x = 0,
where L 0 is the total length of the grating probed by the beam. Beyond a distance x along x, the segments fluctuate independently. Therefore the variance of the shapes can be modeled as the sum of the variances of the segments. As a result, AFM measurement of a small part of the sample studied, approximately 1 Â 1 mm.
and ÈðqÞ / x L 0 and hF ðqÞi 2 / L 2 0 . Therefore, we write equation (4) as
where
Gðg; ÃÞ;
and G(g, Ã) is a Gaussian with mean position g and standard deviation Ã. The significance of this simple scaling is that the length of the grating and the characteristic length of the fluctuations contribute to the intensity of the scattering at GTRs and in between, along the arcs. If the length probed at different incident angles i is related to the beam height T (or, more appropriately, the coherence length of the beam) as the footprint L 0 = T/sin( i ), then the above equation is written as
where A 0 and B 0 are now constants throughout measurements at different incident angles. We anticipate deviations from this scaling due to imperfections in the model of independently fluctuating shapes of length x , i.e. stitching effects in the mask employed in photolithography when patterning with the resist. We also note that, since the intensity of the Bragg peaks S(q) depends on parameters relating to sample characteristics along y, the actual value of A 0 cannot be employed to determine x .
We have found that the above expression suffices to provide a good description of our data. However, the model overestimates the height fluctuations in our polymer gratings to capture scattering close to q y = 0. Our hypothesis is that such surface scattering originates partly from the substrate rather than the polymer. We performed a GISAXS experiment with a wafer after the SiN CVD (no polymer) and confirmed such features, as described in Appendix A. Using this measurement, we devised a model for an intensity contribution from the substrate I S that is added to the model as background, significant mainly for the specular rod. Summarizing, we have described the intensity along q x = 0 for experiments at different incident angles i , where i ¼ 1; . . . ; M, using
The parameters of S(q y ) were kept the same for all i , since the locations are dictated by the grating periodicity, while Ã is determined by the detector resolution and beam profile. A 0 , B 0 and C 0 are constants kept the same for all incident angles. F 2D (q y , q z ) is determined by a number of parameters that describe the two-dimensional profile of the grating given the average shape, and È 2D (q y , q z ) is calculated from estimated standard deviations for side-wall displacements and height fluctuations. I S is modeled using three additional parameters as described in Appendix A. All modeling was performed with software developed in-house, taking advantage of parallel computations using OpenMP (Dagum et al., 1998) . In practice, representative samples of shape distributions are drawn and averages of F ðqÞ and jF ðqÞj 2 are calculated on separate threads. The model parameters are determined by standard nonlinear optimization algorithms (Press et al., 2007) .
Results

Atomic force microscopy
A three-dimensional image of the recorded data from AFM is presented in Fig. 2 . The height of the grating is 7-8 nm, the top width $20-25 nm and the bottom width 50-60 nm. This is in agreement with a sloped side wall forming an angle of $60 with the normal to the surface. The pitch of the grating is $84 nm. Fluctuations along x can be characterized using the concept of line-edge roughness (LER) (Wang et al., 2007) and can be readily visualized by plotting contour lines at a fixed height. The 18 contour lines calculated fluctuate around a mean position with a standard deviation y of approximately 1.5 nm; note that LER commonly refers to 3 y . To illustrate the concept further, Fig. 3 presents a top-down view of contour lines drawn at different heights over a region of the area probed. It is clear that contour lines from the same side wall present similar fluctuations. In order to quantify the degree of covariance, we can calculate the mean of the product h[y 1 (x) À 1 ][y 2 (x) À 2 ]i, where y 1 (x) and y 2 (x) are the coordinates of two selected contours on the same side wall and 1 and 2 their respective mean values. The ratio of the covariance to the product of the standard deviations of y 1 (x) and y 2 (x) (Pearson correlation coefficient) provides a normalized measure of coupled variations in the contours along the lateral coordinate y. The Pearson correlation coefficient is above 0.9 between contour lines on the same side wall and with heights between 3-7 nm. We conclude, there- fore, that a one-dimensional roughness (along x, ignoring a potential z dependence) is a fairly reasonable approximation in our analysis. Using a similar approach, we can compare two side walls of the same shape; no significant correlation was found. Thus, we can calculate the deviation of the top width of the grating as T = 2 1/2 y , where y is the standard deviation describing fluctuations in a side wall along y.
We proceeded in further analysis of the AFM image by extracting the standard deviation of each of the contour lines at h = 6 nm and present these results in Fig. 4 . While an average value for y of around 1.5 nm is present in our sample, the analysis of each line individually provides a measure of the error involved in such calculations, as it is observed that values between 1 and 2 nm can be found from calculations with the full image (length equal to 1 mm). We also quantified the extent of the height fluctuations at the center-line position (dashed lines in Fig. 3 ) and the corresponding deviations are plotted in the inset to Fig. 4 . The top part of the sample is covered by the photoresist during etching and any fluctuations present are mostly the result of the wet stripe procedure. We note that the accuracy of AFM in probing shape fluctuations in these nanoscale-sized objects is limited; the total area probed is small and the LER approaches the lateral image resolution (pixel size $1 nm 2 ). Furthermore, the data are affected by acquisition parameters, the tip radius and aspect ratio, and potential damage induced during measurement. We will expand on these issues when comparing with the X-ray scattering results.
Beyond fluctuations, we can extract an estimate of the average profile along y and z from the AFM data. We integrated the shape along the x direction, and the outcome from one shape is presented in Fig. 5 using a colormap. The continuous red line depicts a contour line as an indicator of the average shape. We observe that there is significant rounding of all edges, a result that is in part due to the convolution of the actual structure with the tip shape. Fig. 6 presents three GISAXS experiments with the grating sample at different incident angles. Several features that have been reported previously are directly discernible. First, a series of high-intensity spots or GTRs are periodically placed on an arc that has its highest point at f = i . The origin of these high-intensity GTRs is the effective 'infinite' dimension of the grating lines along x and their repeated placement at every pitch distance P along y. These effects produce scattering along the q x = 0 arc and at every q y = 2n/P Bragg peak, where n is an integer. The intensity at the GTRs depends on both the beam and the grating structure. We note that hard gratings were reported to present intensity only at specific angular coordinates that correspond to these spots (Soltwisch, Wernecke, Haase, Probst, Schoengen, Krumrey & Scholze et al., 2014; Yan & Gibaud, 2007) , while polymer gratings often present diffuse scattering throughout the image and a lack of GTRs (Rueda et al., 2012; Soccio et al., 2014) . Our data are distinct from past studies since they combine both effects reported: a clear set of GTRs combined with a low-intensity background scattering. The broad tilted truncation rods in the background scattering are indicative of a sloped side wall that a rudimentary analysis would confirm to be at an angle of $60-65 with respect to the substrate normal direction (Renaud et al., 2009 ). By performing measurements at different incident angles, we found that, while the GTRs are shifted to higher angles (highest point of the arc at f = i ), the background scattering appears to be independent of this change in the momentum transfer center of the coordinates (arc always corresponds to q x ' 0).
GISAXS experiments
The intensity along the GTRs (corresponding to q x = 0) can be extracted from each of these measurements as a function of momentum transfer using equation (1). A representative plot for i = 2.0 is shown in the bottom right-hand panel of Fig. 6 . Features symmetric around q y = 0 are indicative of good alignment with the beam (Yan & Gibaud, 2007) . The data can be analyzed as a function of q y and the two angular coordinates i (constant for each measurement) and f (which varies along the GTRs) using equation (13). We avert from employing a single two-dimensional shape and introduce a population of polygons that obey specific distributions for the height and location of each side wall. Each polygon is assigned a height based on a Gaussian distribution N ðh; h Þ by extrapolating or contracting the topmost segment of the side-wall Standard deviations of fluctuations around a mean position along x extracted from 18 different lines at h = 6 nm over a length of 1 mm. The inset provides similar data for height fluctuations along 1 mm for nine different lines determined at the center of each shape.
Figure 5
A two-dimensional profile extracted from the AFM image by integrating along the x direction. The red line depicts a contour at 2/3 of the normalized colormap intensity.
profile. The shape of the side wall is described by a series of linear segments defined by the slope change, in a similar context to previous X-ray scattering studies (Perera et al., 2012) . The overall width of the two-dimensional shape (and its coordinate center) is determined by adding a displacement to the left and right side walls, each selected independently from research papers y . The Fourier transform of each shape is performed on the basis of analytic calculations described in the literature (Lee & Mittra, 1983; Beeckman, 1986; Chu & Huang, 1989) .
As an example of our model, Fig. 7 presents the form factor of a trapezoid that approximates our grating, together with the variances È 2D (q y , q z ) calculated when y = 1.5 nm and h = 0.6 nm. For clarity, in this particular figure, the calculations are performed within the Born approximation [in contrast with the actual fits performed employing equation (3)] and no refraction for the k z components is taken into account. This simple two-dimensional Fourier form-factor calculation suffices to underline an important aspect of the analysis procedure. Each arc drawn in Fig. 7(a) represents the collection of points in the (q y , q z ) space probed by performing the GISAXS experiment at different incident angles. It is evident that a simultaneous fit to data from multiple incident angles assists greatly in the determination of the underlying form factor and fluctuations present, since specific features characteristic of the shape in question can be examined.
The population of two-dimensional shapes was optimized in order to best reproduce the intensities recorded along the arcs q x = 0 following equation (13). It is important to identify sources of errors present in the procedure before discussing any results from our model. First, the direct selection of pixels that correspond to one arc is not straightforward; none has exactly q x = 0 and this is inevitable, irrespective of the resolution of the detector. The intensity drops sharply with q x departing from zero. Similar challenges are present along the q y component; the high intensity at the GTRs (to some extent due to the high accuracy of the manufacturing process) results in Bragg peaks defined by the detector resolution. Despite these challenges, a trapezoid-like shape with dimensions close to those anticipated provided a satisfactory description of the intensity at all incident angles using equation (13). Before examining the actual best fits, we note that using several nodes for the side walls (beyond the simple trapezoid shape) significantly improved the agreement between model and experiment; this was attributed to the ability to introduce a 'footing' in our shape, as depicted in Fig. 8 . Extension to models of higher resolution (i.e. eight nodes per side wall) did not result in improved fits. This is not surprising given the upper limit of our resolution, defined by the range of momentum transfer probed. Along z, as can be readily deduced from Fig. 7 , q z,max ' 3.25 nm
À1
, limiting our resolution to $2 nm. The side walls of the best model (five slope changes) presented fluctuations along y, with y = 1.4 nm and heights h = 0.4 nm. Both values are in excellent agreement with the AFM experiment. If we omit contributions to the background scattering by the substrate (I S ), then the optimization procedure is driven to a model with a similar side wall but non-physical height fluctuations ( h = 1.5 nm) in order to capture the intensity at low angles and close to the specular rod.
The intensity along the arcs that results from the optimal model calculated is presented in Fig. 9 The objective function describing the agreement (lower is better) between the model and recorded intensity as a function of slope changes describing the side walls of the grating. The inset provides the optimal average shapes determined by the optimization procedures (displaced vertically for visualization). Arcs of intensity over q x ' 0 for different incident angles (points) from 0.5 to 2.5
. Continuous lines indicate the modeled scattered intensity from a distribution of two-dimensional shapes (with five slope changes) that vary in width and height. The dashed green lines denote the contribution from fluctuations calculated using È(q) and I S following equation (13). The modeled intensity versus I S is plotted as a dotted blue line. All calculations were performed within the distorted-wave Born approximation.
angles. We remind the reader that, while the data are plotted along q y , there is a monotonic decrease in q z as we move from the left-hand side of each figure towards the Yoneda peaks present at the maximum q y value for each i . The best data to compare are in the range i = 0.8-1.8
, where substantial recorded intensity reveals oscillations characteristic of the form factor. We observe that the model described by equation (13) is in good agreement with the experimental data, in terms of both the intensity at the Bragg peaks corresponding to P = 83.3 AE 0.3 nm and the baseline modeled by the variances È(q) scaled by the procedure described earlier. Discrepancies at the peaks with the highest q y values are anticipated, due to the simplification adopted when modeling the electric field intensities with a homogeneous medium approach, as presented in Table 1 . A more rigorous approach would require the dissection of the shapes into different layers, calculation of the transmission and reflection coefficients in each layer, and then assembly of a form factor from individual slices (Jiang et al., 2011) . Such a scheme, combined with a population of shapes as performed herein, would demand excessive calculations. Therefore, we kept the simple homogeneous layer approach of Table 1 . Nevertheless, it is particularly encouraging that both the intensity at the Bragg-peak positions and the background diffuse scattering are captured with shape fluctuations in quantitative agreement with the microscopy measurements. As a final test of our method, in the next section we will attempt to compare directly the shape determined by fits to the X-ray data with that measured by microscopy in real space.
Comparison of GISAXS with AFM
This last section aims to compare the profile extracted by X-ray scattering with the AFM measurement shown in Fig. 2 . We have already mentioned in the previous section that the GISAXS results are in quantitative agreement with AFM with regard to shape fluctuations; an LER of y ' 1.4 nm is determined by both techniques. However, such agreement is not observed for the average cross-section profile determined by the two techniques. AFM provides high-accuracy data regarding the height of the grating, but fails significantly in determining the side-wall profile. This is partly a consequence of the lateral image resolution but mostly a result of the contributions of the tip shape.
The top left-hand panel in Fig. 10 provides an example of a two-dimensional model for the shape of the probe used in AFM, with a rounded tip and a side-wall angle . We can employ such models to simulate the interaction between the tip and the extracted shape from GISAXS data using procedures reported recently in the literature (Canet-Ferrer et al., 2014) . According to the manufacturer, the tip employed in our measurements should present a radius r ' 10 nm and an angle of 10-15 . This is in agreement with our own imaging using SEM on a fresh tip. However, repeated use induces significant damage that renders both the radius and the angle larger. This is demonstrated in the images in the top right-hand panel of Fig. 10 .
We proceeded to perform calculations for two extreme cases of tip shape, first one with r = 10 nm and = 15
, and second one with r = 20 nm and = 30
. The lower panel of Fig. 10 presents a critical comparison of the predicted shapes from GISAXS convoluted with the two tip profiles against the contour line extracted directly from the AFM data (Fig. 5) . We find that the comparison between GISAXS and AFM is nearly quantitative if a radius closer to 20 nm is considered. In practice, this large value is more of an 'effective' radius, since the profile measured by such a tip would be affected by the neighboring shape centered at AE84 nm apart. Therefore, we conclude that, while both techniques are consistent in terms of the LER probed, the average shape determined by GISAXS offers a more accurate representation of the sample structure.
Conclusions
We have presented a detailed analysis of the structure of polymer gratings on a hard surface with samples that present a high degree of fidelity and small line-edge roughness. We have tested the ability of AFM and GISAXS to characterize quantitatively the average shape and deviations present. Furthermore, in contrast with past studies, we analyzed our X-ray scattering data to include both the intensity at the Bragg-peak positions and that between peaks along the Ewald sphere. We find that both techniques provide consistent estimates of roughness but that X-ray scattering offers distinct advantages, because of the large area sampled and the absence of the probe artifacts present in AFM. However, care has to be taken in scaling the individual contributions to the scattering along the GTRs, given that the probed length of the grating contributes to the intensity recorded.
The methodology presented and the agreement found between the two techniques are of paramount significance. While both can be employed to extract estimates of line-edge roughness, only GISAXS can be extended to shape analysis of (Fig. 5) with the GISAXS predictions (Fig. 8) convoluted with two models for the AFM tip, following methods described in the literature (Canet-Ferrer et al., 2014) . buried or embedded gratings. Therefore, our results provide a foundation for further studies that will focus on examining the three-dimensional structures present in directed self-assembly processes.
APPENDIX A Background scattering from the substrate
We determined that, when analyzing GISAXS data from grating samples at low incident angles and close to the specular rod, a significant portion of the diffuse scattering appears to originate from the lateral characteristics of the electrondensity changes in the underlying substrate. Therefore, we performed a GISAXS experiment using an approximately 2 Â 2 cm SiN sample (no polymer) to determine an appropriate model to be introduced as background scattering when analyzing grating samples. The experimental data are shown in the left-hand panel of Fig. 11(a) .
Within the framework of the distorted-wave Born approximation, scattering from a single interface that exhibits lateral roughness can be described as detailed by Sinha et al. (1988) . Our finding is that the single-interface result overestimates the Yoneda peaks, an effect that is attributed to multilayer roughness (Holý & Baumbach, 1994) . Given that a quantitative description of bare substrate scattering does not necessarily represent the respective contribution in our samples (after etching and pattern-development processes) and that this part contributes only at small incident angles and close to the specular rod, we proceeded with constructing an approximate model for this background. By ignoring a -function specular contribution (Sinha et al., 1988) and employing the Fourier transformed power spectral density described by de Boer (1995) 
